Contraction-induced rapid-onset vasodilatation (ROV) is modulated by perfusion and transmural pressure in young adults; however, this effect remains unknown in older adults. The present study examined the mechanical contribution to ROV in young versus older adults, the influence of perfusion pressure and whether these responses are associated with arterial stiffness. Forearm vascular conductance (in millilitres per minute per 100 mmHg) was measured in 12 healthy young (24 ± 4 years old) and 12 older (67 ± 3 years old) adults during: (i) single dynamic contractions at 20% of maximal voluntary contraction; and (ii) single external mechanical compression of the forearm (200 mmHg) positioned above, at and below heart level. Carotid-radial pulsewave velocity characterized upper limb arterial stiffness. Total ROV responses to single muscle contractions and single external mechanical compressions were attenuated in older adults at heart level (P < 0.05); however, the relative mechanical contribution to contraction-induced peak (46 ± 14 versus 40 ± 18%; P = 0.21) and total (37 ± 21 versus 32 ± 18%; P = 0.27) responses were not different between young and older adults. Reducing or enhancing perfusion pressure altered ROV responses to a similar extent between young and older adults (P < 0.05). Upper limb arterial stiffness was not associated with peak (r = 0.02; P = 0.93) or total vascular conductance (r = −0.01; P = 0.96) in the group as a whole. Our data suggest that: (i) age-associated attenuations in ROV are not attributable to a mechanical component; (ii) enhancing perfusion pressure augments ROV to a similar extent between young and older adults; and (iii) basal upper limb arterial stiffness is not associated with the vasodilator responses after a single skeletal muscle contraction in young and older adults.
INTRODUCTION
The mechanisms involved in exercise-induced hyperaemia have been examined for decades, but no single cohesive mechanism has been found to be responsible for the initial phase of exercise hyperaemia (Joyner & Casey, 2015) . After a single skeletal muscle contraction, blood flow rapidly increases, peaking within ∼4-5 s, termed contraction-induced rapid-onset vasodilatation (ROV). In young adults, contraction-induced ROV is generated through a series of factors, including endothelial (Casey, Walker, Ranadive, Taylor, & Joyner, 2013; Crecelius, Kirby, Luckasen, Larson, & Dinenno, 2013;  c 2018 The Authors. Experimental Physiology c 2018 The Physiological Society Kirby et al., 2009 ) and mechanical factors (Clifford, 2007; Clifford & Tschakovsky, 2008; Tschakovsky, Shoemaker, & Hughson, 1996) . With regard to the latter, evidence from both human and animal models suggests that the mechanical compressive changes (owing to muscle contraction) within the microvasculature act synergistically with vasoactive factors (e.g. nitric oxide, potassium channels) to elicit a rapid vasodilatation that feeds forward into steady-state exercise in young healthy humans (Clifford, 2007) . However, contraction-induced ROV is reduced in older adults, with the mechanisms for this attenuation attributed to local (endothelial) and neural (sympathetic adrenergic) factors (Casey & Joyner, 2012; Casey et al., 2013; Kirby et al., 2009 ).
New Findings

• What is the central question of this study?
We examined whether the mechanical contribution to contraction-induced rapid-onset vasodilatation (ROV) differed with age and whether ROV is associated with peripheral artery stiffness. Furthermore, we examined how manipulation of perfusion pressure modulates ROV in young and older adults.
• What is the main finding and its importance?
The mechanical contribution to ROV is similar in young and older adults. Conversely, peripheral arterial stiffness is not associated with ROV. Enhancing perfusion pressure augments ROV to a similar extent in young and older adults. These results suggest that age-related attenuations in ROV are not attributable to a mechanical component and that ROV responses are independent of peripheral artery stiffness.
Whether mechanical factors are implicated as a mechanism for age-related attenuations in contraction-induced ROV is currently unknown.
Mechanical factors profoundly influence skeletal muscle blood flow, as demonstrated from both human and animal models (Clifford, 2007; Credeur et al., 2015; Jasperse, Shoemaker, Gray, & Clifford, 2015; Sheriff, 2010) . It has previously been shown that posture or limb position evokes gravitational (i.e. hydrostatic) fluid shifts, which subsequently modify the arteriovenous pressure gradient and alter skeletal muscle blood flow (Credeur et al., 2015; Jasperse et al., 2015; Tschakovsky & Hughson, 2000; Tschakovsky et al., 1996) . In a similar sense, contraction-induced ROV responses may be influenced via manipulation of the forearm by placing the experimental limb at different positions relative to heart level (e.g. above versus below heart level). In this way, gravity-induced increases in perfusion pressure elicit greater hyperaemic and vasodilator responses (and vice versa) after a single skeletal muscle contraction in young adults, and this has traditionally been attributed to the influence of the skeletal muscle pump (Credeur et al., 2015; Tschakovsky et al., 1996) . Additionally, evidence from both animal and human models indicates that acute extravascular compression may closely mimic muscle contraction, but without the confounding influence of muscle activation, eliciting an ROV response (Clifford, 2007) . This response is temporally disassociated from that of a single skeletal muscle contraction such that the time course of vasodilatation attributable to mechanical compression occurs much sooner (approximately two to three cardiac cycles) than a single skeletal muscle contraction (approximately five cardiac cycles; Credeur et al., 2015; Kirby, Carlson, Markwald, Voyles, & Dinenno, 2007) , resulting in alterations in total blood volume moved. The majority of the evidence for mechanical factors influencing skeletal muscle blood flow during exercise has been examined in young, healthy populations, with virtually no data on whether advancing age influences this contribution.
Advancing age results in an increased arterial stiffness because of adverse structural (collagen and elastin remodelling) and functional mechanisms (reduced endothelial function), predisposing this population to elevated risk for cardiovascular disease and contributing to age-associated attenuations in exercise hyperaemia and vasodilatation (McEniery et al., 2006; McEniery, Wilkinson, & Avolio, 2007; Najjar, Scuteri, & Lakatta, 2005; Sutton-Tyrrell et al., 2005; Taddei et al., 2001) . Indeed, evidence from the Framingham Heart Study demonstrates that carotid-femoral pulse-wave velocity (PWV), an index of central artery stiffness, is inversely associated with reactive hyperaemic flow velocity (Cooper et al., 2016; Malik, Kondragunta, & Kullo, 2008; Mitchell et al., 2005) . However, aortic PWV as estimated by carotid-femoral PWV, does not necessarily reflect the 'stiffness' to which the isolated forearm exercise model is exposed. There is some evidence to suggest that peripheral artery stiffness (e.g. carotid-radial PWV) is altered with age (Avolio et al., 1983; Fulton & McSwiney, 1930) ; however, these results are not universal (Mitchell, 2008) .
Given that advancing age is associated with structural and functional changes within the vasculature, mechanical forces may modulate hyperaemic and vasodilator responses to exercise, particularly at the onset (e.g. ROV).
Given that ROV is an important component of blood flow regulation at the onset of exercise, and owing to the fact that older individuals exhibit a reduced steady-state exercising blood flow, investigating whether the mechanical contribution to ROV changes with age and examining the mechanical components of the hyperaemic and vasodilatory responses during changes in perfusion pressure are relevant in the context of reductions in functional performance and work capacity with age. The present study sought to examine the mechanical contribution to contraction-induced ROV in both young and older adults. We tested the hypothesis that: (i) the mechanical contribution to ROV within the forearm is not different between young and older adults; (ii) manipulation of perfusion pressure modulates ROV responses, such that enhanced perfusion pressure augments ROV responses to a similar extent in young and older adults; and (iii) upper limb conduit artery stiffness would be inversely related to contractioninduced ROV within the forearm in both young and older adults.
METHODS
Ethical approval
The nature, risks and benefits of all study procedures were explained to the subjects, and their written informed consent was obtained before participation in the study. All procedures were reviewed and approved by the Institutional Review Board at the University of Iowa (IRB ID no. 201503740 ) and conformed to the standards set by the Declaration of Helsinki, except for registration in a database.
Subjects
A total of 24 healthy normotensive young (n = 12) and older adults (n = 12) participated in the study. All subjects completed written, informed consent and a general health history screening. Subjects were generally healthy, non-obese (body mass index ≤30 kg m −2 ), non-smokers, and not taking any prescription medications that would influence blood pressure or exercise hyperaemia. Additionally, all young female subjects were studied during the early follicular phase of their menstrual cycle or during the placebo phase if taking an oral contraceptive. Older female subjects were postmenopausal and not taking any hormone replacement therapies. Studies were performed in the morning after an overnight fast, with subjects refraining from exercise, alcohol and caffeine for 24 h before reporting to the laboratory.
Experimental protocol
After 15 min of quiet supine rest, carotid-radial pulse-wave velocity heart level ( Figure 1 ). These positions (above and below) were used to manipulate forearm perfusion pressure (Jasperse et al., 2015; Tschakovsky et al., 1996) with the at heart level position (∼0 deg) used as a reference condition. Therefore, comparisons were made relative to the control condition (at heart level) to interrogate the influence of hydrostatic forces by using the following arm positions: (i) above heart level to decrease perfusion pressure and facilitate venous emptying; and (ii) below heart level to enhance perfusion pressure (Jasperse et al., 2015; Tschakovsky et al., 1996) . Before each contraction/compression trial, the experimental arm was positioned to the given position, and 5 min of rest was allowed for stabilization of haemodynamics.
Single muscle contractions and external mechanical compression
Subjects performed single dynamic forearm contractions (1 s concentric-eccentric contraction followed by relaxation) at 20% of the subject's maximal voluntary contraction (MVC) using a custommade handgrip device attached to a simple pulley system (moving hanging weights ∼4-5 cm). Each subject's MVC was determined before experimental trials using an isometric handgrip dynamometer (Stoelting, Chicago, IL, USA). External mechanical compression (200 mmHg; 1 s inflation followed by rapid, complete deflation) was achieved using a rapidly inflating/deflating pneumatic cuff placed around the maximal circumference of the forearm (Hokansen E20, Bellevue, WA, USA). This level of external compression was used to mimic intramuscular pressures observed during skeletal muscle contractions and is based on previous evidence wherein higher levels of external compression did not elicit any further increases in hyperaemia (Crecelius et al., 2013; Jasperse et al., 2015; Kirby et al., 2007) . Single forearm skeletal muscle contractions and compressions were performed in duplicate across all three arm positions. Study procedures were randomized (above versus at versus below heart level) and counterbalanced (contraction versus compression) within each subject. After each contraction/compression trial, the dependent arm was always positioned at heart level, and 15 min of rest preceded the next trial.
Measurements
Heart rate was measured via continuous three-lead ECG, and systemic blood pressure (BP) was measured continuously (beat-to-beat) via finger plethysmography (Nexfin; Edwards Lifesciences, Irvine, CA, USA) on the non-exercising (right) hand, which was kept at heart level throughout the study. Before the experimental protocol, and after a 15 min rest period in a supine position, brachial BPs were measured in duplicate using an automated cuff (Cardiocap/5; Datex-Ohmeda, Louisville, CO, USA). ECG-gated carotid-radial pulse-wave velocity (crPWV) was then recorded at the left carotid and radial artery using a pencil-type micromanometer (Millar Instruments, Houston, TX, USA) and SphygmoCor system (AtCor Medical, Sydney, NSW, Australia) to assess arterial stiffness of the upper limb vessels. 
Forearm blood flow and vascular conductance
Data analysis and statistics
Data were collected at 250 Hz and analysed offline with signalprocessing software (WinDaq; DATAQ Instruments). Beat-to-beat arterial pressure was derived from the Nexfin pressure waveform and was recorded simultaneously with beat-to-beat blood velocity measurements. Baseline BF and MAP represent an average of the last 30 s of the baseline period before each single contraction or compression and were used to quantify the hyperaemic response. Order was randomized and counterbalanced within subjects Royston, 1990) . The relative mechanical influence on contractioninduced ROV responses was calculated as follows (Tschakovsky et al., 1996) :
Data are expressed as means ± SD. Baseline data were compared between young and older adults using ANOVA. In order to address the primary question, ROV responses (peak, total and relative mechanical contribution) were compared between young and older adults at heart level via Student's unpaired t tests. In order to address the influence of perfusion pressure on ROV responses, two-way repeated-measures ANOVA was used to compare responses relative to at heart level (e.g.
above heart versus at heart, below heart versus at heart) on contractionand compression-mediated vasodilatation (age × position) and on the relative mechanical influence on contraction-induced ROV. Pearson product-moment correlations were used to examine the relationship between contraction-induced ROV and peripheral arterial stiffness. All statistical analyses were completed using SigmaStat software version 12.0 (Systat Software Inc., San Jose, CA, USA). Significance was set a priori at P < 0.05.
RESULTS
All 24 subjects completed the experimental protocol. Subject characteristics measured before experimental trials are shown in Table 1 . Older adults had higher body mass index, brachial BP (systolic, diastolic and mean) and carotid-radial PWV than the young adults.
Rapid hyperaemic and vasodilator responses to single skeletal muscle contractions and single extravascular compressions
Resting haemodynamic (before each condition), brachial artery BF and VC responses are presented in Table 2 . There were no differences versus 19 ± 9 ml min −1 (100 mmHg) −1 ; P < 0.05] but not peak Older adults also demonstrated attenuated peak [28 ± 13 versus 42 ± 22 ml min −1 (100 mmHg) −1 ; P < 0.05] and total [4 ± 3 versus 8 ± 6 ml (100 mmHg) −1 ; P < 0.05] vasodilator responses to single mechanical compressions relative to young adults. The relative mechanical contribution to ROV responses at heart level were not different between young and older adults for either peak (46 ± 14 versus 40 ± 18%; P = 0.21) or total ROV (37 ± 21 versus 32 ± 18%; P = 0.27).
Influence of perfusion pressure on hyperaemic and vasodilator responses to single skeletal muscle contractions and single extravascular compressions
Reductions in perfusion pressure by placing the arm above heart level reduced peak and total BF but not VC responses to single skeletal muscle contractions. Conversely, reductions in perfusion pressure reduced total BF, peak and total VC during extravascular compression trials in both young and older adults (Figure 3 ; main effect of position Peak (a, b) and total (c, d) hyperaemic and vasodilator responses following a single skeletal muscle contraction and a single mechanical compression of the forearm in young and older adults across experimental trials (above, at and below heart level). * P < 0.05 versus at heart level during single skeletal muscle contraction. † P < 0.05 versus at heart level during single external compression. ‡ P < 0.05 versus young adults during single skeletal muscle contraction. # P < 0.05 versus young adults during single external compression P < 0.05). Enhancing perfusion pressure (e.g. arm below heart level)
augmented peak BF and VC responses to single skeletal muscle contractions (main effect of position P < 0.05) and peak BF and VC responses to extravascular compression (main effect of position P < 0.05) in both young and older adults. A main effect of age was observed for total VC during single skeletal muscle contractions while the arm was positioned below heart level (main effect of age P < 0.05), but not above heart level (main effect of age P = 0.12), but there were no significant age × position interactions (P = 0.14-0.77). Figure 4 illustrates the relative mechanical contribution to ROV within young and older adults with reductions and elevations in perfusion pressure relative to at heart level. Reductions in perfusion pressure did not alter the mechanical contribution to ROV in young or older adults (main effect of position P = 0.07-0.45), whereas elevations in perfusion pressure (e.g. arm below heart level) enhanced the mechanical contribution to peak BF, VC and total VC in both young and older adults to a similar extent (main effect of position P < 0.05). A main effect of age was observed for peak and total VC (P < 0.05), but there were no significant age × position interactions (P = 0.23-0.44).
Mechanical contribution to contraction-induced ROV in young and older adults
Relationships between upper limb arterial stiffness and contraction-induced ROV
Older adults exhibited elevated c-rPWV relative to young adults at rest (Table 1 ; P < 0.05). However, there were no associations between c-rPWV and peak VC (r = 0.02; P = 0.93) or total VC (r = −0.01; P = 0.96) at heart level in the group as a whole or when separated by age groups (r = 0.24-0.39; P = 0.21-0.72). Likewise, there were no associations between c-rPWV and peak or total VC at the above heart level position (r = 0.18 and −0.14; P = 0.41 and 0.52, respectively) or at the below heart level position (r = −0.09 and −0.14; P = 0.67 and 0.51, respectively) when examined for the entire group. When separated into age groups (young and older), no associations were observed between c-rPWV and peak VC or total VC (r = −0.30-0.49; P = 0.11-0.77).
DISCUSSION
In this investigation, we sought to explore whether the mechanical contribution to contraction-induced ROV within the forearm is altered with age and whether contraction-induced ROV is related to peripheral artery stiffness. Additionally, we examined whether vascular 
Mechanical contribution to ROV with age
Prior work in young adults and animals has demonstrated that an acute increase in extravascular/intraluminal pressure elicits a rapid vasodilatory response (Clifford, 2007; Clifford, (Figure 2c, d) . Furthermore, our findings are similar to those of Tschakovsky et al. (1996) and Kirby et al. (2007) demonstrating that external compression of the forearm contributes approximately 20-60% to peak BF and/or VC responses depending on the position of the experimental arm relative to heart level ( Figure 4 ). Interestingly, with the arm positioned at heart level, older adults demonstrated attenuated peak and total VC responses to a single external compression (Figure 3) , suggesting that the isolated skeletal muscle pump might be slightly impaired in older adults. However, when considered with the age-related lower contraction-induced responses, the relative mechanical contribution to ROV within the forearm remains unaltered (Figure 4) . Although external compression of resistance microvasculature might not represent the real mechanical distortion that occurs with a muscle contraction per se, our data, along with previous work, indicates that the mechanical contribution to rapid vasodilatation when the arm is in a neutral position (at heart level) is similar between young and older adults (Jasperse et al., 2015; Tschakovsky et al., 1996) . In this context, the mechanisms for the agerelated attenuation in contraction-induced ROV within the forearm have previously been shown to be attributable to local factors (e.g. endothelial nitric oxide signalling/bioavailability; Casey et al., 2013; Kirby et al., 2009) and to enhanced -adrenergic vasoconstrictor tone (Casey & Joyner, 2012) . Collectively, it appears that age-related reductions in contraction-induced ROV are not attributable to mechanical influences within the forearm.
Perfusion pressure and contraction-induced ROV with age
The idea that hydrostatic forces contribute significantly to perfusion pressure is supported by both animal and human data (Folkow, 1971; Sheriff, 2010; Tschakovsky et al., 1996) . Mechanical contributions attributed to the skeletal muscle pump (e.g. arteriovenous pressure gradient) in concert with ROV are postulated to be important determinants responsible for the rapid increase in blood flow at the onset of contractions, at least in young adults (Tschakovsky et al., 1996) . This evidence stems from experimental manipulation of arteriovenous pressure gradients through venous emptying, eliciting transient elevations in BF and vasodilatation both with and without skeletal muscle contractions (Tschakovsky & Hughson, 2000; Tschakovsky et al., 1996) . Conversely, it could be argued that the immediate hyperaemic and vasodilator responses within this experimental model are not attributable to the skeletal muscle pump, but instead are a function of perfusion pressure (i.e. when arm is positioned below heart level).
In a similar sense, Jasperse et al. (2015) demonstrated, using both in vivo and in vitro protocols, that positional differences in reactive hyperaemia (as opposed to active hyperaemia) are predominately attributable to changes in perfusion pressure eliciting alterations in vasodilatation, and these differences are probably attributable to changes in vascular function per se. Therefore, the greater hyperaemic and vasodilator responses are predominately observed when perfusion pressure is enhanced (Groot et al., 2013; Jasperse et al., 2015; Trinity et al., 2011) .
Previous evidence within the forearm of young adults demonstrates that manipulation of perfusion pressure via changes in arm position relative to heart level alters ROV responses after a single contraction (Tschakovsky et al., 1996) . Within the present study, our findings demonstrate that when perfusion pressure is increased or decreased relative to at heart level (i.e. below or above heart level), rapid hyperaemic and vasodilator responses to single skeletal muscle contractions and extravascular compression are altered to a similar extent in young and older adults. Interestingly, a main effect of age was observed for total VC responses with the arm positioned below heart level, suggesting that age-associated differences apparent with the arm at heart level persist despite enhancements in perfusion pressure. Additionally, we demonstrate that the relative mechanical contribution to contraction-induced ROV is greater when perfusion pressure is enhanced (Figure 4 ). (Green, Hopman, Padilla, Laughlin, & Thijssen, 2017) , we reasoned that basal muscular artery stiffness would be inversely related to contraction-induced ROV. Within the present study, age-associated differences were observed for c-rPWV; however, in contrast to our hypothesis, no significant associations were observed between non-invasively measured resting upper limb arterial stiffness and contraction-induced ROV. Acknowledging that muscular artery stiffness (c-rPWV) does not always follow the same drastic increase with age as aortic PWV (carotid-femoral PWV; Mitchell, 2008) , these results suggest that muscular artery stiffness might not directly influence exercise hyperaemia within the forearm of young and older adults.
Peripheral arterial stiffness and contraction-induced ROV
Experimental considerations
There are a few experimental considerations that warrant discussion. MVC. In the present study, high external pressures (200 mmHg) were used to mimic peak hyperaemic responses observed in response to single submaximal voluntary contractions, similar to previous evidence (Crecelius et al., 2013; Jasperse et al., 2015; Kirby et al., 2007) . In this context, it should be noted that a non-linear relationship between external pressure and ROV has been demonstrated previously (Kirby et al., 2007) . That is, stepwise increases in external pressure did not result in similar percentage increases in ROV, as responses plateaued at 100 mmHg, with no further vasodilatation observed until 300 mmHg. This plateauing effect was also demonstrated in the leg of young adults in response to graded external compression (Credeur et al., 2015) . In contrast, contraction-induced ROV has been shown to be linearly related to exercise intensity (e.g. MVC; Kirby et al., 2007) .
The high external pressures induced by cuff inflation in the present study resulted in a transient but lower hyperaemic response compared with single voluntary dynamic contractions regardless of arm position (i.e. perfusion pressure) in healthy young and older adults. Evidence from various animal models indicates that the intramuscular pressure elicited by both electrical stimulation and extravascular compression may widely vary; however, Mohrman & Sparks (1974) showed that within canine gastrocnemius, the tension developed as a result of electrical stimulation was linearly related to intramuscular balloon pressure. These findings support the idea that the microvasculature is affected by the intramuscular environment when an external stimulus is applied.
Second, it is important to note that intramuscular pressure is also dependent on muscle architecture. Previous studies examining intramuscular pressure responses to applied external pressure or voluntary muscle contractions have used the pennate fibres of the vastus lateralis and medialis (Sadamoto, Bonde-Petersen, & Suzuki, 1983; Sejersted et al., 1984) . In the context of the present study, we did not specifically measure intramuscular pressure, and it is unknown whether specific fibre types influence intramuscular pressure during skeletal muscle contractions. Finally, upper limb conduit artery stiffness was measured via c-rPWV. This measurement uses a time delay between two pressure recordings (carotid and radial arteries) to measure the velocity of the pulse wave. This measure of peripheral artery stiffness might not truly reflect the stiffness of the microvessels within the forearm, because there are numerous branching points between the carotid and radial arteries. Nonetheless, age-associated differences were observed for c-rPWV, although these were not associated with the vasodilator response to single skeletal muscle contractions within the forearm.
Conclusion
This study has provided new evidence regarding the mechanical influences on contraction-induced ROV within the forearm of young and older adults. Specifically, age-related reductions in contractioninduced ROV within the forearm do not appear to be influenced by mechanical factors, and ROV responses are independent of peripheral artery stiffness. Furthermore, contraction-induced ROV responses are innately influenced by alterations in perfusion pressure to a similar extent in young and older adults. Collectively, our present data suggest that mechanical factors might not play a role within agerelated reductions in contraction-induced ROV within the forearm.
Furthermore, manipulations of perfusion pressure modulate these responses and alter the mechanical contribution to contractioninduced ROV within the forearm of both young and older adults to a similar extent.
